Membrane sialic acid (SA) plays an important role in the survival of red blood cells (RBCs), the age-related reduction in SA content negatively impacts both the structure and function of these cells. We have therefore suggested that remodelling the SA in the membrane of aged cells would help recover cellular functions characteristic of young RBCs. We developed an effective method for the re-sialylation of aged RBCs by which the cells were incubated with SA in the presence of cytidine triphosphate (CTP) and a-2,3-sialytransferase. We found that RBCs could be re-sialylated if they had available SA-binding groups and after the re-sialylation, aged RBCs could restore their membrane SA to the level in young RBCs. Once the membrane SA was restored, the aged RBCs showed recovery of their biophysical and biochemical properties to similar levels as in young RBCs. Their life span in circulation was also extended to twofold. Our findings indicate that remodelling membrane SA not only helps restore the youth of aged RBCs, but also helps recover injured RBCs.
Introduction
Human red blood cells (RBCs) have a lifespan of approximately 120 days, during which, they travel approximately 240 km making 170,000 circuits through the heart to different tissues and organs. Circulating RBCs must constantly squeeze through narrow capillaries [1] [2] [3] , producing 'wear and tear' during which surface sialoglycoproteins and sialic acids (SAs) are sheared off. The structures and properties of the cells therefore change, and the cells age. The amount of membrane SA in an old RBC (aged about 90-120 days) is approximately 30% less than that of a young cell(aged 1-30 days) [4] . The deformability of the cell membrane, the oxygen-carrying capacity, and the amounts of Na + , K + -ATPase, Ca ++ Mg ++ -ATPase, and 2,3-diphosphoglycerate (2,3-DPG) also decrease concurrently [5] . Red blood cells unfit for circulation are recognized and phagocytized by the reticuloendothelial system. The mean survival time of old RBCs is usually not more than 30 days [6] . In a freshly drawn RBC unit, old RBCs comprise~16% of the total RBCs [5] .
Regarding RBCs stored in a blood bank, the preservation solution acidifies during storage, and the membrane SA content of RBCs decreases faster than in circulation [3, 5] . The membrane SA of young RBCs decreases by~35% after 21 days of storage, resulting in a decline in the structural and functional properties of the cells to levels similar to those of senescent cells [5] . Thus, accelerated ageing accompanies the loss of membrane SA.
In addition to the decrease in membrane SA seen in aged cells, when the membrane SA of RBCs is reduced experimentally by enzyme treatment, the biochemical and biophysical properties and survival time of the cells also suffer [7, 8] . Similarly, since the effects of neuraminidases, significant fall in SA was noted as well on the RBCs of the patients with diseases such as diabetes mellitus, malaria, anaemia and inflammation like in sepsis [4, [9] [10] [11] . So, the membrane SA of RBCs appears to correlate with cellular ageing, disease and survival time.
Sialic acid is an acidic nine-carbon sugar typically found as the outermost unit of glycan chains on the surface of all vertebrate cells and on secreted glycoproteins [12, 13] . They are also found in some invertebrates and in certain bacteria that interact with vertebrates [13, 14] . Sialic acids of human RBCs are mainly N-acetylneuraminic acids (NANA), they account for 74-94% of the negative surface charge of RBC membrane [15, 16] . The charge carried by SAs and other ionizable chemical groups is one of the major physicochemical drivers of various molecular and cellular interactions that affect immune reactions, apoptosis, receptor function, growth, differentiation, and ageing [17] [18] [19] [20] . It was proved that SAs govern the morphology, membrane deformability, oxygenation capacity, and even the structure and distribution of the intracellular haemoglobin (Hb) molecules in human RBC [4, 21, 22] .
Given the importance of SAs in RBC structure and function and because SA content decreases with cell age, we have suggested that remodelling the SA in the membrane of aged cells would help recover cellular functions characteristic of young RBCs. To test our hypothesis, we incubated aged RBCs with SA in the presence of CTP and a-2,3-sialytransferase to induce restoration of membrane SA and then investigated if cell structure, function, and survival improved following re-sialylation. The aged RBCs defined in here are: (i) the old human RBCs aged about 90-120 days in circulation. According to previous researches, they can be separated from freshly drawn venous blood with Percoll density gradient centrifugation as the dense cells in the bottom fraction [4, 5, [23] [24] [25] 
Materials and methods
Red blood cells from freshly drawn venous blood were obtained from 42 young, healthy, non-smoking adult volunteers (age 23-26 years, mostly laboratory personnel, providing written informed consent) and from 18 male rabbits (New Zealand white people). Our study protocol was approved by the Ji Nan University Animal Care and Use Committee and conformed to the Chinese Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Heparinized venous blood was centrifuged three times at 2000 9 g for 10 min. at 4°C with isotonic PBS (90 mM NaCl, 50 mM sodium phosphate, 5 mM KCl, 6 mM glucose, pH 7.4). Then, the washed RBCs were fractionated with Percoll centrifugation [4, 23] . After centrifugation, about 5-10% of the light cells (termed young or Y cells) and the dense cells (termed old or O cells) were harvested separately, washed twice in PBS, and stored at 4°C until subsequent treatment and analyses [4] .
Eight bags of standard blood-banked leukoreduced CPDA-1 RBC units were obtained from Guangzhou Blood Services Center, China and stored for 21 days. The RBCs of the units are designated B 21 cells.
To incorporate SA, 1.0 ml diluted old RBCs or B 21 RBCs was incubated with 100 ll NANA (Sigma-Aldrich, China, 0, 20, 40, or 80 lg/ml), 0.5 ml CTP (7.4 mM; Sigma-Aldrich), and 1.5 ml a-2,3-sialytransferase (0.18 U/ml; Sigma-Aldrich, China).
The zeta potential of the cells was measured with a Zeta PALS potential analyser (Brookhaven Instrument Limited, USA) at 37°C. Sialic acids on the RBC membrane were labelled with fluorescein isothiocyanate (FITC)-MAA (Maackia amurensis; Biological, USA) and the surface charge of RBCs was labelled with CdSe/ZnS core-shell quantum dots (QDs; Wuhan Jiayuan QDs Company, Limited, China) as described previously [26] .
Membrane bending modulus K c was measured by the dynamic imaging and analysing method as previously reported [4, 27] . Membrane deformability was also measured using a standard micropipette aspiration technique to mimic the situation of the cell travelling through capillaries in circulation [4] .
Raman spectra of living erythrocytes were recorded with a JY RAM INV system using a 514.2-nm excitation line from an Ar + ion laser [28] . The acquisition band was 600-1800 per cm with a spectrum resolution of 1 per cm. The Raman spectra were recorded for at least 18 erythrocytes each time. To study the distribution of Hb in a single erythrocyte, line-mapping was performed with a scan step of 0.5 lm [23] .
Adenosine triphosphate (ATP) enzymatic activity of blood cytolysates including that of both Na To determine RBC survival, 18 New Zealand White rabbits (Oryctolagus cuniculus, provided by the Institute of Laboratory Animals, Jinan University) were randomly divided into three groups (six rabbits/group). Five millilitres of blood was taken from the ear artery of each rabbit and collected into a CPDA-1-containing blood bag. Cells were washed (5000 9 g, 8 min.) two times with normal saline (0.9% NaCl), producing leukoreduced RBC samples.
For the first group (G 1 ), RBCs were incubated with 350 lg FITC (Sigma-Aldrich, 70 lg/ml) for 30 min., and then washed (400 9 g, 5 min.) three times with normal saline to eliminate residual FITC. The labelled RBCs were then re-suspended to their original volume in normal saline and autologously transfused into the rabbits through the marginal ear veins. After re-infusion of the labelled RBCs, blood samples (5 ll per rabbit) from the marginal ear vein were collected into heparin-containing tubes after 1 and 24 hrs and then every other day. The samples were washed with normal saline (400 9 g, 5 min.), suspended in 2 ml normal saline, and assayed with a flow cytometer (FACSCalibur; BD, USA) to determine the percentage of FITC-labelled RBCs. The half-life of the labelled RBCs was the number of days at which the survival rate was 50%.
For group 2 (G 2 ) and group 3 (G 3 ), the blood samples were stored for 21 days and then prepared as leukoreduced RBCs. The G 2 RBCs were incubated with 2.5 ml SA (Sigma-Aldrich, 40 lg/ml), 1.5 ml a-2,3-sialytransferase (Sigma-Aldrich, 0.18 U/ml), and 0.5 ml CTP (7.4 mM) for 4 hrs. Then the cells were washed (700 9 g, 5 min.) two times with normal saline to eliminate residual SA. Similarly, after labelling with FITC, the G 2 and G 3 RBCs, the latter of which were not incubated with SA, were re-infused into the animals. The sampling and assay procedure were the same as that for G 1 RBCs.
Statistical analyses were performed with t-tests using SPSS 15.0 statistical software (IBM, Armonk, NY, USA). P-values were obtained by comparison of cells without or with incorporation of SA.
Results

Remodelling of aged cells' membrane SA
From Figure 1 we can see that the zeta potential of aged cells increased with increasing SA concentration, and reached a value similar to that of young cells at~40 lg/ml of supplemental SA but plateaued above the SA concentration. The membrane zeta potential is a marker of membrane SA, so Figure 1 suggests that aged RBCs could be effectively re-sialylated with our method but the re-sialylation would be saturated when the cells' zeta potentials reached a value comparable to that of young cells. Similar phenomenon was also observed in rabbit RBCs as shown in the figure. Figure 2 shows simultaneously the content and distribution of SA (labelled with FITC-MAA) and the surface charge (labelled with QDs) of the cells using a method described previously [26] . The fluorescence intensity of the SA-restored O cells indicated that both the FITC-MAA-labelled membrane SAs and the QD-labelled total surface charge had been restored to similar levels as in young cells. In addition, similar to young cells, both the membrane SA and the total surface charge were homogenously distributed on the membrane of the SA-restored O cells. A similar result was obtained for SA-restored B 21 cells (Fig. 2I) .
Recovery of the cells' morphological and rheological properties
As seen in Figure 2 , the aged cells were more likely to be spherocyte, although echinocytes were also observed. The contact area (43. Figure 3A shows the bending modulus, K c , of the three types of cells (O, B 21 , and A cells) as a function of SA concentration. As described previously [4] , K c is inversely proportional to membrane deformability. The K c of both O and B 21 cells decreased with SA concentration and at 80 lg/ml the K c was the same as that of young cells. To determine if the cells had recovered sufficient deformability to travel through capillaries in circulation, we aspirated the cells into a capillary with an inner diameter of 1.8 lm. The time needed to aspirate the SA-restored cells into the capillary under a negative pressure of 1500 Pa was 0.66 sec., which was almost the same as that of young cells (0.67 sec.) but significantly shorter than the time for O 
Changes in the structure and functions of intracellular protein
To determine if restoration of SA affected the O 2 -binding capacity of Hb in RBCs, we performed confocal Raman micro-spectroscopy on the cells. Figure 3B shows the average spectra of young, O and SArestored O RBCs. Most characteristic Raman bands of young, O and SA-restored O RBCs were similar, but O cells showed more intense bands at 640, 830-850, 1266 and 1280 per cm. As reported previously [4, 28, 29] , the bands at 830 and 850 per cm represent absorbance by Tyr. The ratio of I 830 /I 850 in the Raman signal of old RBCs was less than 1, indicating that Tyr was exposed. The bands at 1266 and 1280 per cm represent the unordered coil and the a-helix protein conformations of amide III respectively [30] . Thus, the intense bands of the O cells suggest congregation and conformational changes in the side chains of Hb. After incorporation of SA, however, the bands became less intense (Fig. 3B) , indicating that their Hb function was similar to that of young cells, and the SA-restored aged RBCs improved their affinity of Hb for O 2 .
The distribution of intracellular Hb was also restored after incorporation of SA (Fig. 3C) . In contrast to the homogeneous distribution in young cells, Hb intensity was much higher at the edge of O cells than in the centre region, indicating that more Hb was distributed around the cell membrane or bound to the membrane. This observation is consistent with results obtained previously [31] .
To determine whether SA remodelling improved the O 2 -carrying capacity of aged cells, we used Raman microscopy to measure the speed at which cells transitioned from a deoxygenated (T) state to an oxygenated (R) state via interrelated states that are named M1, M2, M3 and M4 [28] respectively (Fig. 3D) . The O cells required more time than young cells to become oxygenated from the T state. However, SA-restored O cells showed a similar transition rate as the young cells, suggesting that their capacity to carry O 2 had recovered.
The viability of SA-restored cells
To investigate the relative viability of SA-restored cells, we measured Na (Fig. 4A-C) , indicating that the viability of the aged cells was improved after restoring membrane SA. On the other hand, the 2,3-DPG level of RBCs reflects the affinity of Hb for O 2 , thus the restoration of the 2,3-DPG level suggested that the efficiency of O 2 unloading from Hb had been restored. These results are consistent with the Raman spectroscopy findings described above.
Cell number of the SA-restored RBC unit
According to our previous study [5] , B 21 RBC units can be just fractionated into three subpopulations with Percoll centrifugation. Young cells were not found in the unit and about 23% of the cells were lost compared with the freshly drawn blood sample. The remaining cells were senescent that were near death [5] . However, the SA-restored B 21 cells can be fractionated into four subpopulations (young, M1, M2 and old cells) again by Percoll centrifugation, and the total number of cells was the same as in the freshly drawn blood sample unit [4] . Even after storing the cells for 10 more days, the cell population could still be fractionated into four subpopulations without substantially changing the cellular properties. This suggests that the SA-restored B 21 cells can survive for longer time in blood-bank condition. 
Life-time of the SA-restored RBCs in circulation
In the first group (G 1 ) of animal experiments for RBC survival, RBCs from freshly drawn blood were labelled with FITC and immediately injected back into the animals. In the other two groups, RBCs were separated from animal blood that had been stored for 21 days; one group (G 2 ) received cells that were incubated with SA (40 lg/ml), and the other group (G 3 ) were not treated with SA. Approximately 94% of G 2 cells survived after 24 hrs, which was similar to RBCs of G 1 but significantly higher than cells that were stored for 21 days without SA incubation (G 3 , 80%, P < 0.01, Fig. 4D ). In the first 8 days, the per cent survival of the SA-restored aged RBCs was almost the same as that of the G 1 RBCs, which had a half-life of 14 days. Although the half-life of G 2 cells was shorter than that of G 1 RBCs (22 days), the half-life was significantly longer than G 3 cells (8 days, P < 0.01), indicating that, after SA remodelling, the SArestored senescent cells showed improved viability and an extended lifespan.
Biosafety and clinical potential of the SArestored aged RBCs
To evaluate the clinical potential of introducing SA-restored aged RBCs into the circulation, we performed routine blood examination and health checks on animals in the three groups 2 days, 1 week and 2 weeks after RBC re-infusion. All parameters of the rabbits were normal (data not shown). The animals in group G 2 grew well, behaved normally, and were in good health at all times.
Effect on unhealthy RBCs
To determine whether viability could be restored to unhealthy cells by treating them with SA, we performed an experiment with RBCs from patients with anaemia. Upon remodelling of SA (30 lg/ml), the zeta potential of the unhealthy cells increased from |À20.8| AE 0.8 mV to |À26.3| AE 0.6 mV, which was very close to the value of a control with normal RBCs (À27.1 AE 0.8 mV). Correspondingly, the K c decreased from 1.85 AE 0.06 9 10 À19 J to 1.68 AE 0.04 9 10 À19 J (normal value: 1.62 AE 0.04 9 10 À19 J), and about 32% of abnormally shaped cells returned to a normal discocyte shape. Thus, remodelling membrane SA also helped restore the structure and function of some unhealthy RBCs.
Discussion
According to the results presented in Figures 1 and 2 , we can see that by the aid of CTP and a-2,3-sialytransferase, SA can be effectively incorporated into the membranes of aged RBCs. The recovery of the RBCs' zeta potential indicates that the cells indeed had been re-sialylated because after incubation with SA, the RBCs were washed at least three times so no free SAs could be retained. This observation was confirmed by the presence of a dark background for both the FITCand QD-labelled samples (Fig. 2) .
From Figure 1 , we can also see that the zeta potential of the O cells increased with SA concentration but plateaued above 40 lg/ml, similar trends were seen in the curves of B 21 cells and A 21 cells. This suggests that the membrane SA only can be restored to a certain value and re-sialylation requires unoccupied SA-binding groups on the cell surface. To prove it, we incubated young RBCs from freshly drawn human blood with NANA. Although a very high concentration (≥80 lg/ml) of SA was used, the zeta potential of the cells increased just slightly from |À30.2| AE 1.2 mV to |À31.7| AE 0.8 mV and then plateaued as the behaviour of re-sialylated-aged cells shown in Figure 1 . This experiment indicated that RBCs have a limited number of cell surface SA-binding groups and that the membrane can be resialylated only when such groups have not been occupied.
As demonstrated previously that SAs govern the morphology, membrane deformability, oxygenation capacity and even the structure and distribution of the intracellular Hb molecules in human RBC [4, 21, 22] . The variation in the membrane SA and surface charge would cause collinear changes in these properties [4, 21, 22, 32] . Therefore, once the membrane SAs have restored, all the properties are recovered. According to the findings of our present study and some other researches [4, 33] , the recovery of both the properties is most likely mediated by the change in band 3 protein induced by the change in NANA carboxyls related-charge. Band 3 is one of the key proteins influencing membrane flexibility and is also the major fraction of the Hb-binding sites on RBC membranes [34] . As aged RBCs lose some membrane SAs, they undergo membrane changes in band-3 [33, 35] . The conformational change in band-3 subsequently induces a series changes in the morphological and rheological properties of the cells [32, 36, 37] . On the other hand, the decrease in SA/surface charge would induce changes of the conformation and aggregation as well as distribution of the intracellular Hb [4, 5] , so that more intracellular Hb molecules would bind to the cytoplasmic domain of band 3 [31] . The binding of Hb to band 3 not only leads to reduced membrane flexibility [38] , but also influences the propensity for Hb to become oxidized because the reactive oxygen species generated during autoxidation are not efficiently neutralized by cellular antioxidant enzymes when Hb is bound to the membrane [39, 40] . Therefore, aged RBCs are less flexible and carry less oxygen. Upon restoration of membrane SA, however, less Hb was bound to the membrane, and its distribution was almost as homogeneous as that in young RBCs. The conformation of band 3 also restores. Thus, the flexibility of re-sialylated RBCs was similar to that of young cells (Fig. 3A) , and hence their oxygen-carrying capacity also was expected to improve.
The recovery of the band 3 conformation after restoration of membrane SA in SA-restored aged RBCs may be also a factor that helped restore the Na 
Conclusions
Our results show that remodelling membrane SA has a remarkable effect on aged RBCs, restoring their youth, extending their lifespan, and promoting recovery of cells that had been stored for a long time or that were dysfunctional. These findings have broad biological and medical implications for the recovery of aged and diseased cells and may be applicable to blood-banked RBCs to prevent 'storage lesion', which was believed as one of the most critical issue facing transfusion medicine [42] . Furthermore, RBCs are an ideal model for single-cell investigation because the membrane is simple but exhibits functional activities that are representative of the plasma membrane of other cell types. Thus, our findings are important not only for revealing the correlation between membrane SA and RBC structure and function, but probably also help to establish ways to extend the lifespan of other cell types and treat diseased cells.
